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^^ [ We investigate effects of D-term contributions to the anomaly mediated supersym- 

metry breaking scenario. If we introduce an Eg GUT motivated D-term, it is possible 
that slepton mass squared is positive at weak scale even if there are no other D-term 

5o i contributions. Moreover, as a consequence of additional D-term contributions to scalar 

^^ ' masses, we obtain various soft supersymmetry breaking mass spectra, which are dif- 

ferent from those obtained in the conventional anomaly mediation scenario. Then 

k>( \ there would be a distinct signature of this scenario at the LHC. For example, in several 

;h ■ cases, there exist mass splittings between the right-handed sfermion and the left-handed 



sfermion. We also discuss some characteristic features of the neutralino dark matter in 
this model. 
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1 Introduction 

Supersymmetry (SUSY) extension is one of the most promising way to solve the gauge 
hierarchy problem in the standard model (SM) [1]. Since any superpartners have not been 
observed in current experiments, SUSY should be broken at low energies. Furthermore, soft 
SUSY breaking terms are severely constrained to be almost flavor blind and CP invariant. 
Thus, the SUSY breaking has to be mediated to the visible sector not to induce too large 
CP and flavor violation effects. Some mechanisms to achieve such SUSY breaking mediation 
have been proposed |2j- 

The anomaly mediated supersymmetry breaking (AMSB) scenario 0, IH E] is one of the 
most attractive scenario due to its flavor-blindness and ultraviolet (UV) insensitivity for 
the resultant soft SUSY breaking terms. The pattern of SUSY breaking does not depend 
at all on physics at higher energy scales. On the eve of the Large Hadron Collider (LHC) 
operation at CERN, which start this year, there are several studies in the aspects of collider 
physics to discriminate the AMSB scenario from the other SUSY breaking mediation [HllTlE]- 
Despite the appeal of the AMSB, the original version of the AMSB is excluded. The slepton 
squared masses become negative at the weak scale, and hence the theory would break U(l)em- 
There have been many attempts to solve this problem by incorporating additional positive 
contributions to slepton squared masses at tree level [21 M [IHl [HI 1121 HSl [IH llSj or at 
quantum level [HI [T7| . 

Among them, adding some D-terms such as U(l)y and U(1)b-l niay be the most interest- 
ing possibility [13], because U(l)y and U(1)b-l as local symmetries are included in SO(IO) 
grand unified theory (GUT) q The idea of GUT's bears several profound features. Perhaps 
the most obvious one is that GUT's have the potential to unify the diverse set of particle 
representations and parameters found in the SM into a single, comprehensive, and hopefully 
predictive framework. For example, by unifying all U(l) generators within a non-Abelian 
theory, GUT's would provide an explanation for the quantization of electric charge. By com- 
bining GUT's with SUSY, we hope to unify the attractive features of GUT's simultaneously 
with those of SUSY into a single theory, SUSY GUT's pJj. The apparent gauge couplings 
unification of the minimal supersymmetric standard model (MSSM) is strong circumstantial 
evidence in favor of the emergence of a SUSY GUT near Mgut ~ 10^^ [GeV] [201 [21] ■ While 
there are a priori many choices for possible GUT gauge group, the list can be narrowed down 
by requiring groups of rank > 4 that have complex representations. The smallest groups sat- 
isfying these requirements are SU(5), SU(6), SO(IO), and Eg. Among these choices, SO(IO) 
is particularly attractive [22], because SO(IO) is the smallest simple Lie group for which 
a single anomaly-free irreducible representation (namely the spinor 16 representation) can 
accommodate the entire SM fermion content of each generation. In addition, the recent 
progress in neutrino physics [23] makes SO(IO) GUT's [2^ a favorite candidate for GUT's 



*For the group theoretical aspects of SO(IO), see for example, [18] 



because it naturally incorporates the see-saw mechanism [25] that can naturally explain the 
lightness of the light neutrino masses. 

While it is interesting to add SO(IO) motivated D-terms to the AMSB scenario, an 
extension of the grand unification group of SO (10) to Eg is also worthy of attention [26l ETJ 
\TT\ . In the Eg GUT, the fundamental representation 27 includes 10 as well as 16 of SO(IO) 
in the following manner: 

27 -^ 16+1 + 10_2 + 1+4 

^ [10_i + 5+3 + I-5] + [5+2 + 5_2] + lo (1) 

under Eg D SO(IO) x U(l)v, SO(IO) D SU(5) x \J{l)w Hereafter we take the following 
linear combination of those two U(l) charges to match with the convention in |28j. 

S = -{5V + W)/12, X = W/3. (2) 

The symmetry breaking pattern of SO(IO) down to the SM gauge group can be found in the 
literature [18]. A linear combination of U(l)x charge and U(1)b-l charge gives a correct SM 
hypercharge normalization under the following relation (see, for example, [18]). 

Y = ^[3X + 5(3 - L)] . (3) 

While there are several studies on the extra gauge boson, Z', which is associated with an 
extra U(l) gauge symmetry, potentially arisen from Eg GUT, the effect of the U(l)' D-term 
has not been studied well in the literature. Hereafter, we label the U(l)' gauge symmetry 
which is originated from Eg GUT as U(l)s. In this paper, we specifically consider the effect 
of such an extra U(l)5 D-term, in addition to the U(l)y and the U(1)b-l D-terms to the soft 
SUSY breaking mass terms. Since the effects of this extra U(l)s D-term to the sfermion mass 
squared gives common signature contributions, the tachyonic slepton problem can simply be 
solved in this framework. 

This paper is organized as follows. In section 2, we begin with a brief review of AMSB 
and explain a model of D-term assisted anomaly mediation in Eg GUT motivated models. 
In section 3, we show numerical results for the calculation of sparticle mass spectra and a 
set of allowed parameter spaces of {Dy, -Db-l, -Ds). After calculating all the sparticle masses 
by using ISA JET 7.75 [29], the relic density of the cold dark matter (CDM) in this scenario 
is also estimated by using micrOMEGAs [SD]- The last section is devoted to summary and 
discussions. 

2 D-term assisted anomaly mediation 

In this section, we work out in the superconformal framework of supergravity [31] , and we 
explain the D-term assisted anomaly mediation scenario. 



In the superconformal framework of supergravity, the basic Lagrangian is given by 

^CsuGRA = -?> j d''e<P^e-'''^ + j dH<fW + h.c., (4) 

where = l + ^^F^ is the compensating multiplet, K is the Kahler potential in the conformal 
frame, W is the superpotential, and the reduced Planck mass is set to unity. 
As for the gauge sector in the MSSM, the kinetic term is of the form, 

^™ = ^/rf^^r.(|^)w^"W:. (5) 

At the classical level, the compensator does not appear in the gauge kinetic term as the 
gauge chiral superfield W"" has a chiral weight |. It turns out that the dependence of 
comes out radiatively through the cutoff scale A (/x/j is the renormalization scale). In 
the above setup, non-zero F^ induces soft SUSY breaking terms through the AMSB, and 
the resultant SUSY breaking mass scale is characterized by mAMSB ~ -^^/(ISTr^) = Msusy- 
Considering the anomaly mediation contribution to the soft scalar masses and A-terms, we 
take the minimal Kahler potential for the MSSM superfields, -R^mssm = Qle^^^^'^Qi, where Qi 
stands for the MSSM matter and Higgs superfields. Expanding c^/^, the Kahler potential 
for the MSSM superfields is described as 

£kin = j d^e 0t0 Q\e^a.v.Q, + ■ ■ • . (6) 

As discussed in Ref. [32], in softly broken supersymmetry, the soft terms associated to a 
chiral superfield Qi can be collected in a running superfield wave function Zi[fiFt) such that 

InZiifin) = \nZ,{fin) + [A{fiR)e^ + h.c] - m^,{^iR)e^ . (7) 

The running wave functions can be defined as Zi{fifj) = Ci{p'^ = —^i\)., where Cj is the 
coefficient of Q\Qi in the one point-irreducible (IPI) effective action. Therefore, turning on 
superconformal anomaly amounts to the shift /i/j -^ jiji/{(l)^(l)Y/'^. 

According to the method developed in Ref. [32] (see also Ref. [16|), soft SUSY breaking 
terms (each gaugino masses M^, sfermion squared masses m^ and A-parameters) can be ex- 
tracted from renormalized gauge kinetic functions and SUSY wave function renormalization 
coefficients, 

Ma{nR) = baglifiR) Msusy , 

Aijk{^J'R) = - [7i(/u/?) + ijim) + ikim)] ^susy • (9) 



Here, ga are the gauge couplings, ba are beta function coefficients, and ji are anomalous 
dimensions of the MSSM matter and Higgs superfields. The results in Eq. IQ are true at 
any energy scale, and all the soft mass parameters can be described by only one parameter, 
F^, so the anomaly mediation is highly predictive. This indicates that the soft terms at a 
low-energy scale depend only on anomalous dimensions or beta functions at that scale and 
do not care about the theory at higher energies. This UV insensitivity is the main feature 
of the anomaly mediation. 

There are remaining two parameters in the Higgs sector, namely fi and Bfi terms, that are 
responsible for electroweak symmetry breaking and should be of the order of the electroweak 
scale. The natural value of the 5-parameter would be -B ~ F^ 3> Msusy, and the Higgs 
sector should be extended in order to achieve the 5-parameter being at the electroweak 
scale. Although some mechanism is required to realize fi r^ B ^ Msusy, in the following 
analysis, we treat them as free parameters. That is, n and Bfi are replaced into two free 
parameters tan/3 and sgn(/i), while the value of |/i| is determined by the stationary condition 
of the Higgs potential. 

In the following, we consider to add three D-terms of U(l)y, U(1)b-l and U(l)5, and 
hence total set of free parameters in our analysis is (tan /5, sgn(/i), Msusy, -Dy, -Db-l, -Ds)- 

Now we turn to the discussion to introduce the D-terms to the anomaly mediation. If 
there exists an extra U{1) gauge multiplet, V, having a non-zero D-term, {V) = 6^6'^D, the 
kinetic term of a matter superfield gives 



C= d^eQy^^'Q, D q^DQlQ, , (10) 

where g^ is the U(l) charge of the chiral multiplet Qi. This leads to a shift for the scalar 
squared mass, 

m^ -^ m^ — QiD . (11) 

The D-term shifts in the soft masses within the framework of minimal supergravity (mSUGRA) 
has ffistly been done in [28] . 

The U(l) symmetry providing the D-term should be anomaly-free. As such a U(l) 
symmetry, there exist two candidates in the MSSM, namely U(l)y and gauged U(1)b-l- 
In addition to them, we introduce 11(1)^ gauge symmetry motivated by Eg grand unified 
theories. Introduction of both U(1)b-l and 11(1)5 gauge symmetries is indeed well-motivated, 
if we assume that the MSSM is embedded into a GUT based on a higher rank gauge group 
such as Eg which includes the gauged U(1)b-l and U(l)5' as a subgroup. This possibility 
is our motivation to consider the D-terms in addition to the anomaly mediation. Once we 
introduce such D-terms for either U(1)b-l or U(l)s, non-zero D-term for hypercharge U(l)y 
will, in general, be induced through the kinetic mixing 

£ = A f £9 Wg_L W^ = ^Dy , (12) 
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Table 1: f/(l) charges of MSSM chiral superfields 



where ^ = ADb-l- 

Normally, many extra Higgs fields are involved in such models, and some of them have 
non-zero vacuum expectation values to break the GUT symmetry at the supersymmetric 
level. Once soft SUSY breaking terms for these Higgs fields are included, the vacuum would 
be realized at the point slightly away from the D-fiat directions, so that non-zero D-terms 
are developed. Although it depends on the detailed structure of the Higgs sector, we may 
naturally expect the scale of the D-term to be Z) ~ ^Iusy- 

The D-terms contributions change sfermion mass spectrum from the one in the con- 
ventional anomaly mediation scenario. As a result, the sparticle mass spectrum in our 
scenario can be quite different from the one obtained in the pure anomaly mediation sce- 
nario. Calculating the anomalous dimensions and taking D-term contributions from U(l)y, 
U(1)b-l, and U(l)s into account, the soft scalar masses for the first two generations are 
explicitly written aqj: 
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(13) 



Here gy is the U{l)y gauge coupling constant and is related to the GUT normalized one as 



^ There are some intriguing Eg SUSY GUT models which employ 'E-twisting' to produce variety of hi- 
erarchical structures of quark and lepton Yukawa couplings in a simple way [27j . However, in the following, 
we simply assume that all the MSSM matter and Higgs fields are contained in 16 and 10 of Eq. ^ respec- 
tively. It might be unclear to extend SO(IO) to Eg, but an additional U(l) gauge symmetry included in Eg 
can provide a D-term that may simply solve the tachyonic slepton problem. In that sense. Eg extension is 
motivated. 



9i = (5/3)5'y, and we have defined ay, q:b-l, and as as 

Dy 



ay 

"B-L 
"S 



M2 



D 



B-L 



^^-'SUSY 



D^ 



^^-'SUSY 



(14) 



and Yukawa couplings of tlie first two generations have been neglected as a good approxi- 
mation. Since the D-term contributions are determined by the corresponding U(l) charge, 
we list up the charges of U{l)y, U{1)b~l, and f/(l)s in Table 1. 

For the third generation sfermion masses, Yukawa couplings are involved; 
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where by^, by^ and by^ are given by 
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Also, the Higgs soft masses are given by 
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The Higgs mass parameters, /i-term and Bfi-terra, are determined by the electroweak sym- 
metry breaking conditions, 

mfj — rri^j tan^ {3 1 



|,,|2 _ "^Hi •"H2 ""^'^ /^ ^ .j-2 

'^' " tan2/?-l 2 ^' 

Bfi = - [mjf^ + m]j,^ + 2|/ip] sin 2/3 



2 
The A-parameters in the AMSB scenario are given by 

A^jk = -{l^ + Ij + Ik) MsuSY (19) 

with the following anomalous dimensions, 

8 2 8 2 o 2 s: 

7«f = -3^3 - g^y-2t/t'^i3 , 
Idi = -3^3 - g^y - ^Vb^is ' 

3 1 

7^1 = "2^2 - 29y - ^yl - yl ' 

iH, = -\gl-\9l-^yl- (20) 

Finally, the gaugino masses are given by 



Ml = ll(7^MsusY, 



2 ; 



M2 = (72MSUSY , 

M3 = -3(?|MsusY. (21) 

Now we will see the condition to avoid the tachyonic sfermions. First, once we assume as = 
as in the SO(IO) models, the condition to have the slepton squared masses to be positive is 
written by 

ay < -ftB-L < 2 "^ (^^ "8 = 0), (22) 

which can be satisfied with ay < and q;b-l > 0. If we take ay < to avoid the tachyonic 
sleptons, it gives positive contribution to the up-type Higgs soft mass squared. So, too 
large ay{< 0) can not lead to the correct electroweak symmetry breaking. Therefore, the 
parameter space of {ay, q;b-l) is very restricted by these constraints. 



In contrast, there is a remarkable effect by adding a non-zero as term. The D-term 
contribution from U(l)s gives the same sign contribution for all the soft scalar masses of 
squarks and sleptons. Hence, it is indeed helpful to solve the tachyonic slepton problem in 
the AMSB scenario. Specifically, one can cure the tachyonic slepton problem by considering 
only non-zero Ds term without including either Db-l or Dy term. As we have seen in 
Eq. (IT2|) . once we introduce several U(l) gauge symmetries at the same time, in general, one 
can write down the kinetic mixing between those two U(l) gauge fields. Then if one of the 
D-terms has non-zero value, the other D-term would also have non-zero value. However, if 
one consider the situation where several U(l) gauge symmetries do not exist at the same 
time, then it is possible to have only one non-zero D-term. As such an example, we can take 
the following gauge symmetry breaking, Eq -^ SO(IO) x U(l) -^ MSSM, to consider only 
one D-term contribution, D^ term. 

3 Numerical results 

3.1 SUSY mass spectrum 

In this section, we evaluate the sparticles mass spectra by using ISAJET 7.75 [29] in Fig[2l 
Fig. [3] and in Table. [2j Our model includes the parameter set (ay, a-Q-L, cts) which is 
introduced in the previous section, the typical soft SUSY breaking mass scale, MgusY, and 
tan/3. We input all these parameters at the GUT scale, and evolve down to the weak scale 
according to the MSSM RGBs by assuming all the additional U(l) symmetry breaking scale 
to be at the GUT scale. 

First we examine the allowed region of the parameter space (ay, «b-l, «s) for given 
tan/3 = 10 and MgusY = 500 GeV. Sparticle mass spectrum for various inputs in the range 
of —6 < ay, ae-L, as < 6 has been calculated in every 0.2 intervals for ay and as-L- We 
search the allowed region for which the correct electroweak symmetry breaking and positive 
slepton mass squared are realized. In Fig. [H we present the allowed parameter sets of 
{ay, aB-h) for fixed as = 0, 1, 2, 4. It is shown that the effect of adding the U(l)s D-term 
can expand the range of allowed parameter spaces. U 

In Fig. [2] and Fig. [3l we show the D-term dependence of the sparticle masses. We present 
mass spectra at some points in Table [2J In Fig. [2] and Fig. [31 it is shown the spectra as a 
function of as and ay with a fixed set of D-terms as (ay, aB-i) = (0, 0) for Fig. [2] and as 
(ae-L, ens) = (0, 5) for Fig. [3], respectively. In the plotted region, all the sfermion squared 
masses are positive and it realizes the correct electroweak symmetry breaking. There exist 
some characteristic features of the D-term assisted AMSB scenario. One important fact is 
that as is shown in Fig. [2] one can solve the tachyonic slepton problem by adding only one D- 



^As shown in Ref. [SQ, the allowed region can change a bit from Eq. (|22p due to the RG effect of 

= Tr[y 
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term, Ds, which has been motivated by considering the Eg models. Another important effects 
of the D-term is the mass sphtting between the left-handed and right-handed sfermions. 
Specifically, the left-handed stau can become lighter than the right-handed stau, which is 
unusual because, in general, the RG running due to the SU(2) gauge interaction pushes 
up the left-handed slepton mass heavier than the right handed one. Therefore, it is really 
interesting to see the sfermion mass splittings as a distinct signature of this scenario at the 
LHC. 

The gaugino sector is the same as in the pure AMSB case. The mass ratios are ap- 
proximately Ml : Ms : M3 = 3 : 1 : 7. So the lightest SUSY particle (LSP) is the Wino 
(rather than the more conventional LSP, Bino). Those predictions for the gaugino masses in 
the AMSB has interesting phenomenological consequences. The remarkable fact is that the 
lightest chargino mass is nearly degenerated with the lightest neutralino mass. 

For the decay of squarks and sleptons, naively speaking, initially produced left-handed 
squark mainly decays into the lightest neutralino (xi) or the lightest chargino (xf), and 
successively Xi^ decays into a very soft charged pion (71"^) and Xv 

QL^Xi + q, (23) 

or 

QL^Xi+q^^^ + Xi + q- (24) 



On the contrary, right-handed squark mainly decays into the second lightest neutralino {X2) 
or the gluino, and successively X2 decays into slepton-lepton pair, and the gluino decays into 
the lightest stop-top pair: ^ 

qR^xl + q^^^ + ^^ + q, (25) 

or _ 

QR^g + q^h + t + q (OT ti + t + q) . (26) 

From those cascade decays Eqs. fl23l) - fl26l) . one can expect fewer jets with no lepton event for 
left-handed squark decay as is shown in Eqs. fl23l) - fl2^ . On the other hand, one would expect 
to see jet or lepton multiplicity for right-handed squark decay as shown in Eqs. fl2Sl) - fl2Bl) . 

3.2 Dark matter relic density 

In this section we discuss the cosmological features of the lightest neutralino. The recent 
Wilkinson Microwave Anisotropy Probe (WMAP) satellite data [53] provide estimations of 
various cosmological parameters with greater accuracy. The current density of the universe 
is composed of about 73% of dark energy and 27% of matter. Most of the matter density is 
in the form of the CDM, and its density is estimated to be 



QcDuh^ = 0.1143 ± 0.0034 . (27) 



If the R-parity is conserved in SUSY models, the LSP is stable. The lightest neutralino, if 
it is the LSP, is the plausible candidate for the CDM. 

Now we evaluate the relic abundance of the neutralino DM in this model by using 
micrOMEGAs [30]. The similar study in the context of the minimal AMSB scenario has 
been carried out in [3l]. In Fig. HI we show the WMAP allowed region in the parameter 
space (MsusY, "s)- 

In the AMSB scenario, the lightest neutralino is mostly Wino-like, and it undergoes rapid 
annihilation through the reaction: WW —>■ W~^W~. The resultant relic abundance is too 
small, which can roughly be estimated to be 13] 

So the mass of the DM neutralino has to be very heavy to satisfy the WMAP data. In fact, 
the numerical result in Fig. H] shows MgusY has to be about 5 TeV as explained in Eq. fl28|) . 
The horizontal thin line in Fig. H] corresponds to the so called, stau co-annihilation region. If 
the Wino-like neutralino with SU{2)l charge is much heavier than the weak gauge boson as 
described above, the weak interaction is a long-distance force for non-relativistic two-bodies 
states of such particles. If this non-perturbative effect (namely, Sommerfeld enhancement) 
of the dark matter at the freeze-out temperature is taken into account, the abundance can 
be reduced by about 50% [351 ES]. Therefore, the allowed region shifts toward larger value 
of MsuSY- 

Such a large value of Msusy is disfavored in view of the little hierarchy problem. In order 
to keep the neutralino DM light, non-thermal production of the DM should be considered as 
proposed in [37]. Once we accept the non-thermal production of the LSP neutralino from the 
moduli decays, then it is possible to produce sufficient relic abundance of the LSP neutralino 
even for the light Wino-like neutralino DM. 

4 Summary and discussion 

Anomaly mediation of supersymmetry breaking (AMSB) is very attractive because the re- 
sultant soft supersymmetry breaking parameters at a given energy scale are determined only 
by physics at that energy scale (UV insensitivity) and hence is highly predictive (only one 
parameter, F^). However, there is tachyonic slepton problem. It is known that adding some 
D-terms such as U(l)y and U(1)b-l is the well-motivated solution to this problem. 

In this paper, we have considered the effects of additional D-terms, which might be 
originated from the Eg GUT models. We have evaluated the soft SUSY breaking terms and 
obtained various sparticle mass spectra for various input values of (ay, ob-l, Qjs); that are 
different from those obtained in the conventional anomaly mediation. It has been found 
that even if we add only one extra U(l)s D-term (without U(l)y and U{1) b-l D-terms), 

10 



it can become a solution to the tachyonic slepton problem, so it is more economical. Since 
there could have some amounts of mass splittings between the right-handed sfermion and 
the left-handed one, this scenario can have a very distinct signature at the LHC 

We have also evaluated the dark matter relic density in our scenario, and we have shown 
that there exist parameter space, which is consistent with the WMAP observational data. In 
the WMAP consistent region, the mass of the thermal relic DM is required to be heavy since 
the lightest neutralino is Wino-like. However, if one consider the non-thermal production of 
the neutralino DM, there is a possibility to keep the neutralino DM light. 
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Figure 1: The allowed parameter set (ay, ob-l) with fixed as = 0, 1, 2, 4, which provides 
all the sfermion squared masses positive and the correct electroweak symmetry breaking in 
the case of tan/3 = 10 and MgusY = 500 GeV. Red colored region is the region where the 
neutralino becomes LSP, while the blue colored region is the region where the stau becomes 
LSP. 
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Table 2: Sparticle and Higgs boson mass spectra (in units of GeV) in the case of tan/3 
and mt = 172.5 GeV. 
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Figure 2: The sparticle and Higgs boson mass spectra (in units of GeV) as a function of as 
with a fixed set of D-terms as (ay, ae-L) = (0, 0), which provides all the sfermion squared 
masses positive and the correct electroweak symmetry breaking. Here, we took tan/3 = 10 
and MsusY = 500 GeV. 
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Figure 3: The same figure as Fig. [2] but as a function of ay with a fixed set of D-terms as 
(ae-L, ois) = (0, 5). 
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Figure 4: The red colored region (vertical band) corresponds to the region, in which the 
relic abundance becomes consistent with the WMAP data: 0.1075 < Q^oh"^ < 0.1211. This 
region also provides all the sfermion squared masses positive and the correct electroweak 
symmetry breaking. 



